Burkholderia pseudomallei is a saprophytic bacterium that causes melioidosis and is often isolated from rice fields in Southeast Asia, where the infection incidence is high among rice field workers. The aim of this study was to investigate the relationship between this bacterium and rice through growth experiments where the effect of colonization of domestic rice (Oryza sativa L. cv Amaroo) roots by B. pseudomallei could be observed. When B. pseudomallei was exposed to surface-sterilized seeds, the growth of both the root and the aerosphere was retarded compared to that in controls. The organism was found to localize in the root hairs and endodermis of the plant. A biofilm formed around the root and root structures that were colonized. Growth experiments with a wild rice species (Oryza meridionalis) produced similar retardation of growth, while another domestic cultivar (O. sativa L. cv Koshihikari) did not show retarded growth. Here we report B. pseudomallei infection and inhibition of O. sativa L. cv Amaroo, which might provide insights into plant interactions with this important human pathogen.
M
elioidosis is caused by the aerobic Gram-negative bacillus Burkholderia pseudomallei, which is common in Northern Australia and Southeast Asia, where the mortality rate can be as high as 40% (1) . B. pseudomallei is recognized as a soil-and waterborne pathogen and is commonly isolated from the soil of rice fields and other environmental sources where the organism is endemic (2-7). Exposure to the organism in rice paddies is a significant risk to rice farmers, particularly those who are also diabetic and are generally more predisposed to infection (8) .
The rhizosphere is a rich habitat for bacteria. Microbial interaction with plants can result in a variety of effects, ranging from pathogenesis to growth promotion (9) , and plants may facilitate the persistence of the microorganism (10) . Bacteria in the Burkholderia genus are well known to be plant endophytes, some with plant growth promotion capacity and some as pathogens (11) . As B. pseudomallei has a broad host range (12) (13) (14) (15) (16) (17) and has been shown to infect other species of plants (18, 19) , it may be possible that it will infect some cultivars of rice and a plant-microbe interaction may assist in the persistence of B. pseudomallei in the rice fields where it is commonly found. However, no studies have so far identified any growth promotion or pathogenic relationship between B. pseudomallei and rice. Lee et al. (19) found no effects on a Japanese rice cultivar (Oryza sativa cv. Nipponbare), while Kaestli et al. (18) found no effects on an Australian wild rice species (Oryza rufipogon). An examination of the interaction of B. pseudomallei with more cultivars and species of rice could provide more information about whether rice is, in general, resistant to B. pseudomallei or identify a potential host for an infection model. The development of a rice model of B. pseudomallei infection has the potential to assist in further plant-microbe interaction studies and the development of biocontrol measures.
The aims of this project were to investigate if B. pseudomallei can infect domestic rice (O. sativa L. cv Amaroo) and to demonstrate the effect of this infection on plant growth; this effect was also compared with those of other species of Burkholderia and other cultivars of rice.
MATERIALS AND METHODS
Bacteria. All of the bacterial isolates used in this study were subcultured from the Biomedicine collection, James Cook University, Queensland, Australia. B. pseudomallei was removed from storage (Ϫ80°C), streaked onto Ashdown agar, and incubated at 37°C for 48 h in a biosafety level 3 (BSL3) laboratory. A single colony was subcultured into 10 ml of LuriaBertani (LB) broth. The culture was incubated at 37°C with agitation (166 rpm) overnight. Other Burkholderia species were processed as described above, except that the incubation temperature of both Ashdown agar and LB broth was 30°C. Other non-Burkholderia species were streaked onto LB agar, incubated at 37°C for 24 h, and subcultured into LB broth at 37°C for 24 h.
Biosafety protocols. All experimental work with B. pseudomallei was carried out in Australia at James Cook University. Australian/New Zealand standard 2243.3:2010 (safety in laboratories) was adhered to, with work on live organisms carried out in a BSL3 laboratory to a BSL3 standard. All protocols were approved by the Institutional Biosafety Committee, and biological samples were handled in a C2 cabinet with all waste autoclaved. Confirmation of sterilization was carried out with duplicate samples prior to the removal of any processed, killed organism from the laboratory to a BSL2 laboratory.
Preparation and cleaning of seeds. Rice (O. sativa L. cv Amaroo) seeds were sown, grown, and harvested at the Biomedicine department, James Cook University, during 2012 and 2013. Wild rice (Oryza meridionalis) seeds were harvested at Woodstock, Townsville, in May 2012 and kept for 1 year until the seed dormancy period had passed (20, 21) . A Japanese rice cultivar (O. sativa L. cv. Koshihikari) was provided by a local supplier. The harvested and provided seeds were cleaned by a modified form of the method of Oyebanji et al. (22) by soaking and agitation (200 rpm) in 3.5% bleach (sodium hypochlorite) at 30°C for 10 min. Disinfectant solutions were discharged, and seeds were washed by soaking and agitation in sterile distilled water for 3 min (washes were repeated four times). The last sterile distilled water was decanted and inoculated onto Ashdown's agar to confirm that no B. pseudomallei bacteria were present. Selective agar was used, as surface cleaning does not remove all of the bacteria from inside seeds and typically other bacteria will still replicate in nonselective medium (23, 24) . Seeds were soaked at a depth of approximately 1 cm in sterile distilled water at 30°C for 2 to 6 days to encourage uniform imbibition and germination (25) . This sterile distilled water was also tested for contamination with B. pseudomallei by incubation on Ashdown's agar for 48 h.
Infection of seeds for plant growth experiments. A dose trial for infection was carried out on the basis of the lower dose used by Kaestli et al. (18) and the higher dose used by Mattos et al. (26) . Cleaned, primed seeds of O. sativa L. cv Amaroo were infected by using a modified form of the protocol of Kaestli et al. (18) by placing 10 ml of 10 4 or 10 8 CFU/ml B. pseudomallei TSV189 in LB for an hour prior to removal from bacterial broth. Control seeds were treated by soaking in LB for the same amount of time. Forty-five seeds infected with each dose and 45 control seeds were used for this study. For comparison of bacterial strains and species, 45 control seeds and 45 seeds infected by soaking with each bacterial strain and species at 10 8 CFU/ml were used. The other bacteria included two strains of B. pseudomallei (TSV192, environmental, Australia; K96243, clinical, Thailand), as well as bacteria in the same genus (Burkholderia cenocepacia (17sp), B. vietnamiensis (38sp), and B. ubonensis (A21). The seeds were then transferred to experimental chambers. The seeds were transferred for propagation on the basis of the method of Hoagland and Arnon (27) , modified by Watt et al. (28) to 1% (wt/vol) (0.25ϫ) Hoagland agar. Survival kinetics in 0.25ϫ Hoagland broth were also determined, and bacteria were not inhibited in this medium (see the supplemental material). The seedlings were grown in Hoagland agar in sealed glass bottles and incubated under cycles of 12 h of fluorescent light and 12 h of darkness for 7 days at 30°C. B. pseudomallei TSV189 was also used at the higher dose as described above to infect Australian wild rice (O. meridionalis, 30 seeds per group) and Japanese rice (O. sativa L. cv. Koshihikari, 45 seeds per group). All experiments included an uninfected rice group to control for error between experiments.
Plant measurement and statistical analysis of plant growth determination. Rice seedlings were removed from agar and photographed alongside a scale. Images were analyzed by using the area measurement commands in Adobe Photoshop CS6 to calculate area as described by Villar et al. (29) . When an analysis consisted of only a control and an experimental group, independent t tests (P ϭ 0.05) were performed by using IBM SPSS version 20, and where three or more groups are compared, a one-way analysis of variance (ANOVA) was performed (P ϭ 0.05) by using a Gabriel post hoc test. When results were compared across different experiments, actual areas were converted to percentages of the average withinexperiment uninfected control area. This was done to control for variation between experiments. Reactivity of the antibody specific for B. mallei with B. pseudomallei and other bacteria. No commercial anti-B. pseudomallei antibodies could be obtained at the beginning of our experiments. However, antibodies specific for B. mallei are available and considering that some lipopolysaccharides (LPSs) are common to B. pseudomallei and B. mallei, a monoclonal antibody (MAb) specific for B. mallei LPS (MCA2823; AbD Serotec/ Bio-Rad) was tested.
Various species and strains of bacteria (Table 1) were cultured and centrifuged at 3,000 ϫ g for 15 min, and the supernatants were discharged. Pellets were washed three times with 0.85% NaCl, and 15-l volumes of bacterial suspensions were placed on slides (Menzel GmbH & Co. KG, Braunschweig, Germany) in duplicate and allowed to dry for 1 h at room temperature (RT).
Fixation, antibody concentration, and incubations were optimized by using B. pseudomallei TSV189 and B. ubonensis A21. After this, all bacteria were fixed in acetone for 4 h, blocked with goat serum, and incubated with MAb MCA2823 diluted 1/100 overnight at 4°C in a humidified chamber. After being washed in phosphate-buffered saline (PBS), the bacteria were incubated with goat anti-mouse IgG1 conjugated with Alexa Fluor 595 diluted 1/300 for 45 min at RT, washed in PBS, mounted with fluorescent mounting medium (KPL), and observed under an epifluorescence microscope (AxioImager.Z1; Zeiss). Pictures were taken with a digital camera (AxioCam MRm; Zeiss). As a negative control, a mouse MAb of the same isotype (IgG1) (MM1A, anti-CD3 receptor; Washington State University) was used at the same concentration as MAb MCA2823. The reactivity of all species and strains of bacteria with MAb MCA2823 was checked in duplicate.
Infection of seeds with B. pseudomallei for immunofluorescence assay (IFA). Cleaned, primed seeds were incubated in petri dishes for 2 days for primary root germination. After that, the roots of three seedlings were inoculated with about 10 7 CFU of B. pseudomallei (isolate TSV189; 100 l of a 10 8 -CFU/ml concentration) as described by Kaestli et al. (18) , while another three were not infected. The six seedlings were then transferred for propagation and incubated as described for the plant growth experiment.
Preparation of plant samples for IFA. Plantlets were gently lifted from the agar surface, and their roots were washed in 0.85% NaCl three times to remove any loose bacteria or agar. Root pieces were cut to 0.5 to 1 cm long and fixed in acetone at -20°C for 3 days, until the sterility of the samples was confirmed. Further, the samples were embedded in optimum cutting temperature compound (Tissue-Tek, Sakura, Japan) and stored at Ϫ80°C until sections were cut. Five-micrometer-thick cryosections were cut from roots with a cryostat (Leica CM1850) at Ϫ20°C and transferred to slides (Menzel GmbH & Co. KG, Braunschweig, Germany). Sections were dried overnight at room temperature under a fan.
IFA of root sections. Sections were immersed in PBS and blocked for 30 min at RT in 10% (vol/vol) goat serum diluted in 1% bovine serum albumin (BSA) in PBS. After a brief wash in PBS, the sections were incubated at RT for 40 min and then overnight at 4°C with MAb MCA2823 diluted 1:100 in 1% BSA in PBS (final concentration, 10 g/ml). Negative controls using MAb MM1A as the primary antibody were processed similarly. The slides were washed gently with PBS, and the sections were incubated with goat anti-mouse IgG1 conjugated with Alexa Fluor 595 (Invitrogen) diluted 1/300 in 1% BSA in PBS for 45 min at room temperature. After three gentle washes with PBS, slides were mounted with fluorescent mounting medium (KPL) and observed under an epifluorescence microscope (AxioImager.Z1; Zeiss) as described above.
RESULTS

Preparation of seeds.
None of the seeds used showed any evidence of prior contamination with B. pseudomallei, so all of the B. pseudomallei bacteria found were deemed to be present because of infection. No uninfected plantlets showed any evidence of the presence of B. pseudomallei, further supporting this conclusion.
The pilot dose study determined that growth was inhibited at 10 8 CFU/ml but not at 10 4 CFU/ml ( Fig. 1a and b) . A concentration of 10 8 CFU/ml was selected for plant infection trials. Rice infected with B. vietnamiensis displayed growth that was not significantly different from that of uninfected control rice, indicating that the 10 8 -CFU/ml dose of Gram-negative bacteria selected was not, in and of itself, able to stunt growth ( Fig. 1c and d) .
Trials of O. sativa L. cv Amaroo infection with Burkholderia species. When germination of seeds infected with all strains of B.
pseudomallei did occur, the majority of the plantlets did not show fully expanded leaves and had shorter roots than the controls. An example is shown in Fig. 2a and b . Infection with all of the Burkholderia species and strains except B. vietnamiensis showed statistically significant inhibition of growth relative to that of the control (Table 2 ). Of the species tested, B. pseudomallei and B. cenocepacia caused the most inhibition, followed by B. ubonensis ( Fig. 3a and b; Table 3 ).
Bacterial inhibition of other strains and species of rice. While wild Australian rice (O. meridionalis) was inhibited by B. pseudomallei TSV189, Japanese rice (O. sativa L. cv. Koshihikari) was not inhibited in either root or leaf growth (Fig. 4) .
B. pseudomallei IFA. The reactivity of MAb MCA2823 was tested with a variety of isolates of B. pseudomallei, as well as other species of bacteria that are closely related to B. pseudomallei or can be found in the soil. B. mallei is not found in Australia, where this work was done, and was not available for testing because of restrictions on the importation of potentially pathogenic microorganisms. The IFA using this antibody was positive for B. pseudomallei and negative for B. pseudomallei near-neighbor species and other organisms ( Table 1 ). In addition, no bacteria fluoresced in the roots of uninfected plants when the IFA was used; thus, it was possible to use MAb MCA2823 as a tool to detect B. pseudomallei in our plants.
Examination of infected plants by IFA showed the presence of B. pseudomallei as a multilayered structure around the epidermis and root hairs (Fig. 5a to c) . Individual bacteria were also found inside the root hairs ( Fig. 5d to f) and exodermis ( Fig. 5g to i) , indicating infection of the plant rather than just surface colonization. a Root and leaf areas of infected samples are compared to uninfected root and leaf areas in each case. Area measurements were compared by independent t test (P ϭ 0.05).
DISCUSSION
The plant-microbe interaction between rice and B. pseudomallei is of interest, as B. pseudomallei is often found in rice fields and workers are exposed (2) (3) (4) . Understanding more about the ecology of any interaction could improve our understanding of the persistence of the bacterium in this environment. Our study found that B. pseudomallei TSV189 retards the growth of Australian domestic rice (O. sativa L. cv Amaroo) and native Australian wild rice (O. meridionalis) but not that of Japanese rice (O. sativa L. cv. Koshihikari). The resistance of the Japanese rice cultivar O. sativa L. cv Nipponbare has previously been reported by Lee et al. (19) ; this cultivar is similar to Koshihikari (30). The wild rice (O. rufipogon) model of Kaestli et al. (18) was also not affected by B. pseudomallei inoculation; however, this wild rice species is different from the one we tested. Both of these other studies also utilized other models that were affected by B. pseudomallei, indicating that the B. pseudomallei isolates used were able to inhibit at least some host plant species. It is clear that there is a species and cultivar variation within the Oryza genus that determines the ability of B. pseudomallei to inhibit growth. We also determined that both clinical and environmental Australian B. pseudomallei isolates and a Thai clinical isolate equally inhibited O. sativa L. cv Amaroo, indicating that B. pseudomallei may be generally inhibitory to some rice cultivars. This leads to the question of whether different rice cultivars will succeed in areas where B. pseudomallei is endemic.
As an example, the iRiceZoning map has three major rice group production areas in Thailand (http://carsr.agri.cmu.ac.th /projects/iRPZ/MAPRiceVarGroup.aspx). Aromatic rice and glutinous rice are produced in northeastern Thailand (an area where B. pseudomallei is highly endemic) (2, 31), while nonaromatic rice grows in the central part of Thailand, where B. pseudomallei is less Percentages of root (a) and leaf (b) areas Ϯ 95% confidence intervals are displayed, as are growth inhibition significance values. B. vietnamiensis does not significantly inhibit growth (leaf, P ϭ 0.064; root, P ϭ 0.291), while all of the other species do (P values also presented in Table 2 ) (independent t tests, P ϭ 0.05). Inhibition by B. ubonensis is also significantly different from that by all of the other species tested (Table 3) . B. cenocepacia and the B. pseudomallei strains are not significantly different from each other in inhibition (Table 3 ) (ANOVA and Gabriel post hoc test, P ϭ 0.05). sativa L. cv Amaroo, which may be due to competition with endophytic bacteria already present in seeds. Unfortunately, it was not possible to remove all of the potentially competing bacteria without killing the seeds. Previous experiments in which cleaning of seeds was studied have also identified this limitation (24) . The high dose selected was designed to skew any potential interaction in favor of B. pseudomallei and was similar to the dose used in other plant-B pseudomallei experiments (18, 19, 26) . B. pseudomallei has been found in soil at levels of up to 10 5 CFU/g (6), so growth retardation in natural soils may not be as obvious or may allow persistent interactions between the plant and the microbe. The brevity of this experiment (7 days) and growth in Hoagland agar, although it is also commonly used (26, 33, 34) , are not adequate for full rice growth and may not mimic growth in soil. It would be interesting to study B. pseudomallei-O. sativa L. cv Amaroo interactions at this bacterial load over the life of rice in a soil environment; however, this was not possible with our facilities.
Rhizospheres usually produce nutrient sources for soil bacteria such as root exudates (sugar, amino acids, oxygen, etc.), border cells (root cap cells), and root debris (cell contents, lysates, etc.) (35) . This can result in biofilm formation around the epidermis and root hairs. Root hairs develop during plant growth and autolyze, resulting in the proliferation of bacteria, which can then invade the epidermis and cortex (36) . Using IFA, we found that in root sections, B. pseudomallei formed multiple layers around the epidermis. These were not removed by washing in 0.85% NaCl, which is indicative of a biofilm, although the presence of exopolysaccharide was not tested to confirm this. B. pseudomallei bacteria were also found inside root hairs and in the endodermis; however, images of the cortex were insufficient to clearly confirm the presence of B. pseudomallei in the cortex (data not shown). This is similar to results obtained by Kaestli et al. (18) , who reported the presence of B. pseudomallei in the root hairs and cortex of grasses in epidemic areas.
This study successfully experimentally colonized the roots of a domestic rice cultivar with B. pseudomallei and identified differential inhibition of the growth of different species and cultivars of rice. However, the incubation period was short and the plants were grown in hydroponic agar. Growth in soil typical of rice paddies for longer periods may produce different results. In addition, this experiment used a high dose of bacteria, though other studies have also used relatively high inoculum concentrations and/or wounding of tissue to encourage inoculation or invasion (18, 19, 26, 34, 37) . Natural environmental conditions may result in lower exposure levels. While B. pseudomallei can infect the roots of O. sativa L. cv Amaroo via root hairs and retard its growth, it does not retard the growth of Oryza sativa L. cv. Koshihikari. This cultivar difference could be a factor in the successful or unsuccessful growth of particular cultivars of rice in regions where B. pseudomallei is endemic. The relative susceptibility of plants may also affect the persistence, and thus the biogeographical boundaries, of B. pseudomallei. A susceptible rice cultivar also means that biocontrol experiments can be carried out with rice, and work is under way in this area.
